This study sought to determine if apocynin, a nicotinamide adenine dinucleotide phosphate oxidase inhibitor, would attenuate arterial stiffness in salt-sensitive hypertensive rats via structural and functional changes in conduit arteries. We showed that tail blood pressure was significantly higher in deoxycorticosterone acetate-salt-induced hypertensive (DSH) rats compared with the sham control group (Po0.01). Morphological analysis and biochemical assay showed that large arteries in DSH rats underwent significant remodeling including increased medial thickness in carotid arteries compared with the control rats (194.25±5.66 vs. 120.48 ± 7.93 lm, Po0.05) and increased collagen deposition in thoracic aorta (1.03 ± 0.09 vs. 0.85 ± 0.04 mg cm À1 , Po0.05). These changes were associated with increases in reactive oxygen species (ROS) level and increased thoracic aortic stiffness compared with the control rats (6.21±0.79 m s À1 vs. 4.64±0.59 m s À1 , Po0.01). Treatment with apocynin significantly prevented ROS increases and collagen deposition (0.84 ± 0.04 vs. 1.03 ± 0.09 mg cm À1 , Po0.05), and reduced arterial stiffness as shown by decreased pulse wave velocity in the thoracic aorta (5.31 ± 0.88 vs. 6.21 ± 0.79 m s À1 , Po0.01). Additionally, apocynin prevented carotid artery wall thickening (58.57±3.40 vs. 78.89±4.10 lm, Po0.05). In conclusion we have shown that increased ROS level is associated with increased aortic stiffness, and deposition of collagen in the aortic arterial wall in DSH rats. Apocynin prevented ROS increases and arterial stiffness in DSH rats. Antioxidant therapy may be a potential treatment of large arterial stiffness in salt-sensitive hypertension.
INTRODUCTION
Increasing evidence suggests that large artery stiffness (often measured by pulse wave velocity, PWV) predicts cardiovascular events. 1 Stiffening of large central arteries, particularly the aorta, occurs during physiological processes such as aging and during pathological processes such as hypertension, diabetes mellitus and end-stage renal disease. It has also been shown that abnormal collagen deposition in the aortic arterial wall contributes to increased arterial stiffness. 2, 3 Reactive oxygen species (ROS) have major roles in the initiation and progression of hypertension through various pathological mechanisms involved in vascular remodeling. 4 Previous data have shown that ROS are involved in aging-related arterial stiffness. 5 In addition, Delles et al. 6 reported that there was a functional relationship between oxidative stress and vascular stiffness, and that strategy to reduce vascular oxidative stress benefited patients with high levels of vascular stiffness. In contrast, ROS were not responsible for arterial stiffness in a calcified model of hypertension. 7, 8 Eskurza et al. 7 reported that treatment of hypertensive patients with ascorbic acid for 30 days did not affect large elastic artery compliance and blood pressure (BP). The sympathetic activity and ambulatory BP in Africans study showed that large artery stiffness was not associated with ROS content in normotensive and hypertensive participants. 9 However, the involvement of ROS in arterial stiffness and the effect of ROS inhibition on large artery stiffness remain largely unknown.
The major source of ROS in vascular cells is from the increased activity of an NADH/NADPH (nicotinamide adenine dinucleotide phosphate)-driven oxidase, which accounts for almost 60% of vascular ROS production. 7, 8, 10, 11 Apocynin, a specific NADPHoxidase inhibitor, interferes with p47phox and p67phox associations with the cell membrane components of the NADH oxidase complex, and has been extensively used in cardiovascular studies. [12] [13] [14] Additionally, apocynin has been shown to improve endotheliumdependent vasodilation and NO production in isolated vessels. 11, 15 We have recently demonstrated that apocynin induces dosedependent vasodilatation. 16 Apocynin-induced vascular superoxide production may be involved in vascular function, but whether apocynin attenuates arterial structural changes and improves aortic stiffness has yet to be determined.
Deoxycorticosterone acetate (DOCA)-salt hypertension (DSH) is a classic hypertensive model associated with markedly high levels of ROS and depressed plasma rennin activity, which can be used to study the effect of hypertension, in the absence of circulating angiotensin II, on vascular superoxide production and vascular reactivity. 17 Studies have shown increased collagen deposition in rat aorta, indicating that large arterial stiffness may be increased.
In the present study, we hypothesized that aortic stiffness is increased in DSH rats, and that pharmacological interference with apocynin would attenuate arterial stiffness and corresponding changes in DSH rats.
METHODS

Experimental animals
All experimental procedures were approved by the Animal Care and Use Committee, and were conducted under the guidelines for the care and use of laboratory animals as established by the Shanghai Institute of Hypertension (permit number: 2008125). DSH rats were generated as previously described. 12 Briefly, DSH animals were anesthetized and uninephrectomized. After 7 days of recovery, rats were administered DOCA (D7000, Sigma, St Louis, MO, USA) s.c. at a dose of 12.5 mg per rat per week for 5 weeks and 1% NaCl was added to drinking water. The sham group received sham operation without kidney removal and given normal water. For the apocynin treatment groups, three concentrations of apocynin (0.5, 1.0 and 1.5 mM, Sigma) were administered orally in a tap water solution. Six weeks after surgery, central BP and PWV were measured as previously described. 13 Aortic wall structure and composition After delipidation and recording of dry weight, the thoracic aorta was subjected to hydrolysis in 6 M HCl for 16 h, and the resulting hydrolyzate was used in assays for hydroxyproline, desmosine and isodesmosine content. Briefly, hydroxyproline content was determined by the chloramine T and the paradimethylaminobenzaldehyde method. 14 Collagen content was calculated as hydroxyproline content Â 7.46. The content of the elastin-specific cross-linking amino acids desmosine and isodesmosine was determined by capillary zone electrophoresis and ultraviolet detection. Elastin content was calculated as (desmosine þ isodesmosine) Â 200. Elastin (or collagen) content is expressed as mg cm À1 of the aorta.
Ultrasound biomicroscopy (UBM), histological examination and immunocytochemistry, dihydroethidium fluorescence dye, lucigenin chemiluminescence and statistical analysis detailed descriptions are provided in the Supplementary Files (available online at http:// www.nature.com/hr).
RESULTS
Effect of apocynin on peripheral BP in DSH rats
There were no significant differences in baseline characteristics between groups before treatment ( Table 1 ). The body weight of DSH rats was significantly lower compared with those in the sham group 6 weeks after the onset of experiments (Po0.01). Apocynin treatment had no effect on body weight of DSH rats.
BP was measured by tail-cuff method every 2 weeks. Systolic blood pressure (SBP) of all DSH rats increased gradually during the first 2 weeks of experiments, whereas sham group SBPs remained unchanged. At the end of the 6th week, SBP in DSH rats was significantly higher compared with SBP in the sham group (183.89 ± 9.87 vs. 130.74 ± 4.12 mm Hg, Po0.01). Treatment with 1 mM and 1.5 mM apocynin in DSH rats significantly lowered SBP compared with the sham group (159.83 ± 7.99, 156.83 ± 11.47 mm Hg, respectively, Po0.05), while 0.5 mM apocynin treatment had no effect on SBP (177.06±5.70 mm Hg, P40.05, Table 1 ).
Effect of apocynin on central BP in DSH rats
Peripheral BP does not always change in parallel with central BP. Central BP has been shown to be a stronger determinant of cardiovascular damage and complications in various clinical settings. 18 Thus, we also measured central BP using a catheter placed into the descending aorta at the end of the experiment. Central SBP, central diastolic BP and central mean BP were all increased in the DSH group (Figure 1 ). No significant BP difference was observed after treatment with 0.5 mM apocynin. SBP in the 1 and 1.5 mM apocynin treatment groups decreased significantly compared with SBP in untreated DSH rats (135. 36 
Effect of apocynin on thoracic aortic stiffness in DSH rats
To study the effect of apocynin on changes in aortic stiffness in DSH rats, we measured PWV invasively in the different groups. PWV was significantly higher in DSH rats compared with the sham group (6.21 ± 0.79 vs. 4.66 ± 0.59 m s À1 , Po0.01, Figure 2 ). Treatment with 1.0 and 1.5 mM apocynin significantly decreased the PWV in DSH rats compared with the sham group (5.17 ± 0.88, 5.31 ± 0.88 m s À1 , respectively, Po0.05). Treatment with 0.5 mM apocynin had no effect on PWV.
Effect of apocynin on structural changes in large arteries in DSH rats To determine whether changes in aortic structure could be involved in the effect of apocynin, UBM of the carotid artery was conducted (Figure 3a) . Intima-media thickness (IMT) was significantly higher in DSH rats compared with the sham group after 6 weeks (78.89 ± 4.10 vs. 52.50 ± 2.50 mm, Po0.01, Figure 3c ). However, all dosages of apocynin treatment significantly ameliorated the increase in IMT (64.17±4.17, 65.00±4.47 and 58.57±3.40 mm, respectively, Po0.05, Figure 3c ). Morphological changes were observed in the five groups. Hematoxylin and eosin staining showed that the media of the aorta in DSH rats was significantly thicker compared with the sham group (194.25 ± 5.66 vs. 120.48 ± 7.93 mm, Po0.01, Figure 3b ). Treatment with 1.0 and 1.5 mM apocynin induced a significant reduction in medial thickness compared with the untreated DSH group (164.25±10.16 and 165.52±11.22 mm, respectively, Po0.05, Figure 3d ).
Effect of apocynin on aortic wall composition in DSH rats
To determine the relationship between ROS and arterial wall composition changes, we examined changes in the arterial extracellular matrix content in DSH rats. As shown in Table 2 , the amount of collagen was increased in DSH rats compared with the sham group (1.03 ± 0.09 vs. 0.85 ± 0.04 mg cm À1 , Po0.05). After treatment with 1.5 mM apocynin, the amount of collagen significantly decreased by 18% (0.84±0.04 mg cm À1 , Po0.05). However, there was no change in the elastin content in any group, and no significant difference in the elastin: collagen ratio between groups.
The use of Masson trichrome staining is a valuable histopathology tool that shows fibrotic changes, particularly increases in the amount of collagen. 16 Our data revealed marked increases in collagen deposition in the media and adventitia area in DSH rats compared with those in the control group (Figure 4) . After apocynin treatment, the amount of collagen reduced gradually in a dose-dependent manner. However, there were no significant changes in the quantity and distribution of elastin in vessels from the different groups.
Effect of apocynin on ROS production and p47phox expression in arteries of DSH rats To determine whether the changes in aortic stiffness are mediated by apocynin-induced ROS decreases, the change in ROS content in the thoracic aorta was measured in the different groups. Dihydroethidium staining revealed that superoxide production in aorta sections was increased in DSH rats (Figure 5a ). Lucigenin-enhanced chemiluminescence showed that ROS level was significantly increased in DSH rats compared with the SHAM group (Po0.01). Apocynin inhibited ROS production in a dose-dependent manner, but only 1.5 mM apocynin treatment significantly reduced ROS level (436.50±61.92 vs. 781.65 ± 108.68 RLU min À1 mg À1 , Po0.05). Apocynin treatment noticeably reduced ROS production in the thoracic aorta from DSH rats, as measured by dihydroethidium staining and lucigeninenhanced chemiluminescence assay (Figure 5c ). Apocynin also inhibited enhanced p47phox expression in DSH rat aortas (Figure 5b ).
DISCUSSION
The cardiovascular remodeling in DSH rats includes fibrosis and hypertrophy in the heart and large arteries. 19 In the present study, we found that remodeling of large arteries lead to severe arterial thickness, collagen deposition and increased arterial stiffness, associated with increases in the levels of ROS. In addition to its antihypertensive effect, the pharmacological NADPH-oxidase inhibitor, apocynin, blocked the progression of arterial stiffness in DSH rats and ameliorated the structural and compositional changes in the aorta. These results indicate that direct inhibition of the source of superoxide generation may improve arterial stiffness associated with hypertension. NADPH oxidase, one of the most important sources of O 2 À in arteries, has been shown to be elevated in the aortic wall of DSH rats. 20 In this study, we report for the first time that elevated aortic stiffness was associated with increased O 2 À generation in DSH rats, and that apocynin improved aortic stiffness after 6 weeks. Previous data have also shown that ROS are involved in aging-related stiffness. 5 In contrast, ROS have been shown to not be involved in arterial stiffness in a calcified model of hypertension. 7, 8 Overall, the results presented here and in previous studies indicate that the role of ROS in arterial stiffness may depend on the animal model used and vary in its significance as a contributory factor.
Several experimental studies have suggested the use of antioxidant treatment as an alternative strategy to prevent or reduce vascular complications associated with increased oxidative stress. For example, resveratrol, a constituent of red wine, has been shown to prevent adverse changes in the cardiovascular system in DSH rats. 19 In humans, trans-resveratrol increased flow-mediated vasodilation in overweight/obese individuals with unmedicated borderline hypertension and increased cerebral blood flow and hemoglobin status in healthy young adults. 21, 22 In addition, vitamins E, C and A have been shown to have antioxidant properties both in in vitro and in animal research studies. 23 Although in most observational studies antioxidant vitamins have been shown to have beneficial effects for the cardiovascular system, data from multicenter clinical studies such as HOPE (Heart Outcomes Prevention and Evaluation Study) and HPS (Heart Prevention Study) have not shown a clinical benefit of antioxidant vitamin C or vitamin E treatment for cardiovascular events. 24, 25 A possible explanation for this is that ROS have some important functions in intracellular redox signaling, whereas antioxidants are not able to entirely remove but keep these oxidants at a level below that which will trigger the inflammatory cascade. 26, 27 From the results above, the understanding of the molecular nature of oxidative stress has been altered. Oxidative stress is no longer thought about as a simple imbalance between the production and scavenging of ROS, but a dysfunction of enzymes involved in ROS production, such as NADPH oxidase. 28 However, most NADPH-oxidase inhibitors have weaknesses in bioavailability, efficacy and toxicity for their therapeutic use. 29 Apocynin, a constituent of the Himalayan medicinal herb Picrorhiza kurroa, is regarded as an inhibitor of NADPH oxidase, but is quite different from the vitamin antioxidants. 30, 31 Apocynin has been used as a traditional NADPH-oxidase inhibitor in many experimental models. 32, 33 The mechanism of action of apocynin involves the impairment of the cytosolic subunit p47phox translocation to the cell membrane and, thus, failure to assemble the NADPH-oxidase complex. 30, 31 It has been used as a liver and cardio-tonic in the treatment of jaundice and asthma. 34, 35 It is a prodrug that metabolizes into dimers via the action of peroxidases. 36 Apocynin has a very good safety profile (LD50: 9 g kg À1 upon oral administration in mice), and side effects have not been reported. 29 After intragastric doses of 1 mmol kg À1 in rats, apocynin was rapidly excreted in the urine mainly unchanged, and the urinary excretion (48 h) was 97%. 37 Recently, two in vivo studies indicated that inhaled apocynin markedly reduced O 3 À -induced hyperreactivity and H 2 O 2 concentration in exhaled breath condensates, and was associated with a significant decrease in the concentration of NO 3 À . 31, 38 Apocynin was well tolerated, and no adverse events were observed in these two studies.
Apocynin may also have some positive effects other than its inhibition of the subunits of NADPH oxidase. Some authors have questioned apocynin as a pure NADPH-oxidase inhibitor, because the formation of the apocynin dimer required the activity of myeloperoxidase, which is not expressed in vascular endothelial or smooth muscle cells. 39 As a consequence, it has been thought that apocynin could act only as an antioxidant in vascular cells, independent of NADPH oxidase. However, in another study, Wang et al. 40 indicated the bioavailability of apocynin is through its conversion to a glycoconjugate, not to diapocynin. Nevertheless, in animals or humans subjected to oxidative stress, apocynin has been demonstrated to reverse endothelial NO dysfunction. 11 In one of our previous studies, apocynin-induced rat aorta relaxation in vascular smooth muscle cells occurred via the activation of voltagegated potassium channels. 16 Apocynin is also associated with some anti-inflammatory properties in the vasculature. Diabetes-induced increases in ICAM-1 expression and leukostasis in retinal vessels were significantly inhibited by apocynin treatment. 41 In conclusion, the findings presented in this study suggest that apocynin is effective in preventing the progression of arterial stiffness in hypertension. Apocynin abolished ROS-induced arterial composition changes, especially collagen deposition associated with saltsensitive hypertension. Further studies must focus on the mechanisms of apocynin metabolism, which may help to design novel therapeutic candidates for cardiovascular diseases.
